Mitochondria constitute a major source of reactive oxygen species and have been proposed to integrate the cellular responses to stress. In animals, it was shown that mitochondria can trigger apoptosis from diverse stimuli through the opening of MTP, which allows the release of the apoptosis-inducing factor and translocation of cytochrome c into the cytosol. Here, we analyzed the role of the mitochondria in the generation of oxidative burst and induction of programmed cell death in response to brief or continuous oxidative stress in Arabidopsis cells. Oxidative stress increased mitochondrial electron transport, resulting in amplification of H 2 O 2 production, depletion of ATP, and cell death. The increased generation of H 2 O 2 also caused the opening of the MTP and the release of cytochrome c from mitochondria. The release of cytochrome c and cell death were prevented by a serine/cysteine protease inhibitor, Pefablock. However, addition of inhibitor only partially inhibited the H 2 O 2 amplification and the MTP opening, suggesting that protease activation is a necessary step in the cell death pathway after mitochondrial damage.
Generation of reactive oxygen species (ROS) in plants has been implicated in biotic and abiotic stresses. A biphasic oxidative burst is triggered in the plant cells following recognition of invading avirulent pathogens. Despite extensive research on the source of ROS, the subcellular location and the mechanism of ROS generation has not been unequivocally clarified (Bolwell, 1999) . Many different mechanisms have been shown to be involved in pathogeninduced ROS production, including peroxidases and diverse oxidases (oxalate oxidase, amine oxidase, and NADPH oxidase; Pugin et al., 1997; Wojtaszek, 1997; Rea et al., 1998 ). An intracellular and an apoplastic source of ROS production were detected during elicitation of tobacco (Nicotiana tabacum) epidermal cells with cryptogein from Phytophthora cryptogea (Allan and Fluhr, 1997) . The connection between pathogen response and respiration is further substantiated by the recent finding that salicylic acid, an important component of the pathogen response mechanism, inhibits ATP formation and uptake of respiratory O 2 in nonphotosynthetic tobacco cells (Xie and Chen, 1999) . Mitochondria is a major source of ROS formation, and it is possible that this organelle could participate in the oxidative burst in plants. During respiration, molecular oxygen may undergo a univalent reduction at the sites of ROS generation in complexes I and III of the respiratory chain, forming superoxide, which subsequently dismutates to hydrogen peroxide (Braidot et al., 1999) .
We have shown previously that a brief treatment with H 2 O 2 induced a programmed cell death (PCD) in suspension-cultured soybean (Glycine max) cells (Levine et al., 1994 (Levine et al., , 1996 . Recently, Desikan and coworkers (1998) showed that a similar response is activated in suspension-cultured Arabidopsis cells. In those experiments, PCD induction by H 2 O 2 in the soybean and Arabidopsis cell cultures required a rather high concentration of H 2 O 2 , presumably due to rapid decomposition of H 2 O 2 by various antioxidant systems. It is important to note that in both plant systems, the cell death process induced by H 2 O 2 depended on active cellular metabolism and could be blocked by protease inhibitors. Subsequent studies have shown that H 2 O 2 caused activation of Cys proteases in soybean cells that were instrumental in the execution of the cell death program (Solomon et al., 1999) .
Cys proteases play a crucial role in animal apoptosis and were shown to be involved in many forms of plant PCD (del Pozo and Lam, 1998) . In animal systems, it was shown that mitochondria are directly involved in the activation of cytosolic Asp-specific Cys proteases (caspases) via release of cytochrome c (Green and Reed, 1998) . Translocation of cytochrome c from mitochondria has been reported during heat stress in cucumber (Cucumis sativus; Balk et al., 1999) and in menadione-induced cell death of tobacco pro-toplasts (Sun et al., 1999) . On the other hand, in petunia (Petunia hybrida), the release of cytochrome c was found to be dispensable for induction of PCD (Xu and Hanson, 2000) .
In this work, we analyzed the role of mitochondria in the generation of oxidative burst triggered by a temporary or by a continuous oxidative stress. We show that exposure of Arabidopsis cells to a mild constant oxidative stress increased respiratory electron transport and oxygen uptake in isolated mitochondria, leading to increased production of ROS, effectively amplifying the oxidative stress. H 2 O 2 caused the mitochondrial permeability transition and release of cytochrome c from the inner mitochondrial membranes, resulting in ATP depletion and cell death. Blocking of the MTP with cyclosporin A (CsA) prevented cell death. We also show that protease inhibitors blocked cytochrome c release and partially prevented the permeability transition and the depletion of ATP.
RESULTS

Induction of PCD by H 2 O 2
Cell death induced by accumulating oxidative stress was studied in nonphotosynthetic Arabidopsis cells that were incubated with an H 2 O 2 -generating mixture of Glc oxidase (GO) and Glc (G). This treatment resulted in a rise of H 2 O 2 in the medium from 90 m in the control culture to 348 and 474 m H 2 O 2 after 6 and 12 h, respectively. This concentration of hydrogen peroxide was only slightly higher than the oxidative burst produced by harpin treatment, which was measured as 344 m H 2 O 2 after 3 h of treatment. However, these results are below the millimolar concentration that is generated after oligogalacturonideinduced oxidative burst in cultured soybean cells (Legendre et al., 1993) . The addition of 10 mm G plus 10 units mL Ϫ1 GO caused death in 66.9% of cells within 18 h, whereas very little cell death occurred after addition of 2 units mL Ϫ1 GO (Fig. 1A) . To test whether the continuous oxidative stress activated an active signaling mechanism, as implied by the relatively slow cell death process similar to the brief pulse of H 2 O 2 , cultures were preincubated with protease inhibitors that blocked H 2 O 2 -dependent cell death in soybean and Arabidopsis cultures (Levine et al., 1996; Solomon et al., 1999) . Ser/Cys protease inhibitor Pefablock (AEBSF) reduced cell death by almost 70%, resulting in 24% of dead cells in the inhibitor-treated culture. Addition of a caspase-3 inhibitor, Z-YVAD (del Pozo and Lam, 1998) , and of a Cys protease inhibitor, l-trans-epoxysuccinylleucylamido(4-guanidino) butane (Barrett et al., 1982) , reduced the degree of cell death to 29% and 40%, respectively, indicating that oxidative stress induced an active hypersensitive response-like PCD pathway (Fig. 1B) .
Depletion of ATP by Oxidative Stress
To study the mechanism of H 2 O 2 -induced PCD, we examined the effect of oxidative stress on level of ATP in the cells. H 2 O 2 was continuously generated by addition of 10 units mL Ϫ1 GO with 10 mm G, and the ATP concentration was measured after 1, 3, and 6 h. A strong drop in ATP concentration was observed 1 h after treatment, and decreased further with time ( Fig. 2A) . Because the suspension-cultured cells used in this study do not possess functional chloroplasts, the major ATP-producing organelle in these cells is mitochondria. To directly assay the effect of a temporary oxidative stress on mitochondrial ATP production, cells were treated with 1 or 5 mm H 2 O 2 , and ATP production was measured after 3 h in isolated mitochondria. ATP generation was initiated by the addition of malate plus Glu, which constitutes the complex I substrates. ATP generation by the mitochondria was decreased with an increase in the concentrations of H 2 O 2 (Fig. 2B) . Because exogenously added H 2 O 2 was decomposed before the isolation of mitochondria and the addition of respi- ratory substrates (Desikan et al., 1998) , these results indicate sustained damage to the mitochondria.
The Effect of Oxidative Stress on Mitochondrial Electron Transport
The effects of temporary and continuous oxidative stress on mitochondrial electron transport was examined by measuring oxygen consumption (Braidot et al., 1999) . Comparison of oxygen consumption rates between control and treated cells showed faster oxidation of complex I or complex III substrate (malate plus Glu or succinate, respectively) by mitochondria from the oxidatively stressed cells (Fig. 3A) . The faster oxygen consumption was also observed in cells that received a single pulse of H 2 O 2 3 h prior to mitochondria isolation (Fig. 3C) . In both cases, the mitochondria from stressed cells exhibited a partial uncoupling between the substrate oxidation and dependence on ADP availability, consistent with the low ATP levels that were detected in those cells (Fig.  2B) . It is important to note that the differences in Figure 1B . Mitochondria were isolated 3 h later, and electron transport was measured polarographically with an oxygen electrode. Electron transport was initiated by the addition of complex I substrates, 10 mM malate plus 10 mM Glu, and 200 M NAD plus (Mal plus Glu). Coupling between the electron transport and ATP production was estimated by the addition of 100 M ADP. The role of complex I on measured oxygen consumption was examined by addition of 4 M otenone (Rot). Numbers indicate the calculated rate of oxygen consumption normalized by standardized measurements of oxygen consumption of double-distilled water. Time between arrows corresponds to 60 s. B, Cells were spiked with 5 mM H 2 O 2 , and mitochondria were isolated 3 h later. Electron transport across complex I was measured as described in A. C, Cells were treated with G/GO as in A. Electron transport across complex III was measured with 10 mM succinate plus 100 M ADP. The dependence of oxygen consumption on the cytochrome c pathway was examined by the addition of 50 M KCN. glut, Glu.
electron transport were not associated with the alternative oxidase activity because oxygen consumption was completely blocked by the addition of KCN (Fig.  3B ). Oxygen consumption triggered by malate plus Glu was also fully stopped after the addition of rotenone, a complex I inhibitor (Fig. 3A) , verifying that all measurements represent the mitochondrial respiratory pathway (Herz et al., 1994) . In a similar manner, oxygen consumption that was initiated by succinate could be inhibited by a complex III inhibitor, antimycin A (data not shown).
Generation of ROS by Oxidatively Stressed Mitochondria
One of the major damaging consequences of enhanced electron flow is an increased generation of oxygen radicals such as superoxide and hydrogen peroxide (Kowaltowski and Vercesi, 1999) . To assess the level of H 2 O 2 production in mitochondria from control and stressed cells, the isolated mitochondria were incubated in the presence of a H 2 O 2 -sensitive mitochondrial dye, dihydrorhodamine123 (Royall and Ischiropoulos, 1993) , and the endogenous H 2 O 2 production was visualized under a fluorescent microscope. Virtually no H 2 O 2 production was seen in mitochondria of the control samples, indicating that the isolation procedure did not generate H 2 O 2 . However, bright fluorescence was emitted from almost all of the mitochondria that were derived from the stressed cells (Fig. 4A) .
The production of O 2 ⅐Ϫ and H 2 O 2 in isolated mitochondria was verified by using a chemical nonenzymatic assay (Snell and Snell, 1949) . Arabidopsis cells were pulsed with 1 or 5 mm H 2 O 2 and were incubated for 3 h prior to mitochondria isolation. Electron transport was initiated by the addition of malate plus Glu, and generation of H 2 O 2 was measured for 30 min. The pulse of 5 mm H 2 O 2 caused a 2.7-fold higher generation of H 2 O 2 in mitochondria isolated from these cells than in mitochondria from control cells (Fig. 4B ). An even higher, 4.3-fold increase in the H 2 O 2 production was observed in the mitochondria from cultures that were continuously exposed to G/GO for the same period of time (Fig. 4C) . Mitochondria provided with complex I substrate had a slightly higher activity than the complex III substrate. The addition of catalase together with the respiratory substrates strongly diminished the titanium sulfate oxidation, indicating that H 2 O 2 constituted the major Figure 1B were stained with dihydrorhodamine123 and were observed under a fluorescent microscope. B, Arabidopsis cells were pulsed with 1 or 5 mM H 2 O 2 , and mitochondria were isolated 3 h later. Electron flow was initiated by the addition of complex I substrates, and H 2 O 2 concentration was measured after 15 min. C, Mitochondria from control (white bars) or cells treated with G/GO (black bars) for 3 h were incubated in the presence of complex I (mal) or complex III (succ) substrates, and H 2 O 2 concentration was measured after 15 min. D, Antioxidant activity in isolated mitochondria from control (white bars) or G/GO-treated (black bars) cells. One millimole H 2 O 2 was added to the mitochondria, and the H 2 O 2 concentration was measured after 0, 5, 10, 15, and 30 min. E, Inhibition of ROS generation in mitochondria by inhibitors of electron transport. Mitochondria isolated from control (white bars) or from G/GO-treated (black bars) cells were incubated for 15 min with rotenone (4 M) or antimycin A (1 M) or catalase (5,000 units mL Ϫ1 ) in combination with complex I (mal plus glut) or complex III (suc) substrates. H 2 O 2 concentration was measured after 15 min. t 0 indicates the H 2 O 2 concentration before the addition of the respiratory substrates. glut, Glu.
form of ROS. The increased production of H 2 O 2 in the mitochondria from G/GO-treated cells was not a consequence of GO carryover during mitochondria preparation because addition of G did not increase H 2 O 2 production, and omission of respiratory substrates stopped H 2 O 2 production (data not shown). Oxidative stress-induced changes in the antioxidant capacity were tested by the addition of 1 mm H 2 O 2 to the mitochondrial suspensions, and the decay was monitored for 30 min. A similar rate of H 2 O 2 decomposition was observed in mitochondria from control and G/GO-treated cells, indicating that the increased H 2 O 2 generation was not due to decreased antioxidant capacity (Fig. 4D) . The direct involvement of electron transport in the generation of H 2 O 2 was evaluated by the addition of complex I or complex III inhibitors (4 m rotenone or 1 m antimycin A) jointly with the complex I or III substrates. H 2 O 2 was measured after 30 min of incubation. H 2 O 2 production in the presence of the respiratory inhibitors ceased almost completely (Fig. 4E ), in agreement with the earlier observed arrest in oxygen consumption (Fig. 3B) . Production of H 2 O 2 was verified by the addition of catalase at the time of the addition of complex I/III substrates.
Oxygen Consumption and ROS Production in the Presence of AEBSF
Given the efficient inhibition of Arabidopsis cell death by treatment of cells with protease inhibitors (Fig. 1B) , it was interesting to determine the mode of protection provided by the inhibitors. Arabidopsis culture was preincubated with AEBSF for 15 min and was treated with G/GO for 3 h. The accelerated oxygen consumption caused by the oxidative stress was reduced significantly in the presence of the inhibitor (Fig. 5A) . One of the manifestations of damaged mitochondria is the permeability of the outer mitochondrial membrane to exogenous cytochrome c (Lemeshko, 2000 (Lemeshko, , 2001 . At early stages of apoptosis, the addition of exogenous cytochrome c can still restore respiratory functions (Mootha et al., 2001 ). The mitochondrial state of treated cells was examined by the addition of exogenous cytochrome c. No increase in O 2 consumption was observed after cytochrome c supplementation of the mitochondria from control (healthy) cells, but oxygen consumption was strongly stimulated in the mitochondria of G/GO-treated cells (Fig. 5A ). This response was not present when the cells were incubated with G/GO in the presence of AEBSF, suggesting improved preservation of the outer membrane.
The increase in the rate of ROS generation in the presence of the protease inhibitor (AEBSF) was reduced by 25% (Fig. 5B) , and the amount of ATP production by the mitochondria was reduced by 33% (Fig. 5C ), as compared with the culture treated with G/GO alone. The mitochondria from cells incubated in the presence of protease inhibitor also retained a better coupling between ATP synthesis and oxygen consumption, as measured by the drop in oxygen after addition of ADP (Fig. 5A) .
Opening of Permeability Transition Pore and Release of Cytochrome c
One of the major molecular mechanisms that lead to profound changes in mitochondrial functioning is caused by an alteration in mitochondrial permeability transition pore (MTP), which protects the mitochondria from the loss of electrochemical potential for H ϩ by preventing nonspecific transfer of solutes of Ͻ1,500 D. In animal systems, permeability transition is sufficient and necessary for apoptosis (Kro- Figure 5 . The effect of protease inhibitor on mitochondrial functioning. A, Cells were treated with G/GO in the presence or absence of protease inhibitor (PI) AEBSF (1 mM) for 3 h. Electron transport was measured in isolated mitochondria as in Figure 3A . Cytochrome c arrow indicates the effect of addition of exogenous cytochrome c (50 g). B, The effect of protease inhibitor AEBSF (PI) on H 2 O 2 generation in isolated mitochondria from control (C) or G/GO-treated cells. H 2 O 2 concentration was measured after 15 min. C, The effect of protease inhibitor AEBSF (PI) on ATP production in isolated mitochondria from control (C) or G/GO-treated (GO) cells. ATP content was estimated and quantified as described in Figure 2B . glut, Glu.
emer, 1997). The state of MTP in the Arabidopsis cells treated with G/GO was assayed by measuring the mitochondrial swelling, which was initiated by addition of calcium (Pastorino et al., 1999) . Although mitochondria from the untreated cells swelled considerably, little change in absorbance occurred in the mitochondria from oxidatively stressed cells, indicating that H 2 O 2 caused sustained damage to the mitochondrial membrane (Fig. 6A) . The MTP was still partially functional in mitochondria of cells treated with the protease inhibitor. In animal systems, among the critical proteins that are released from mitochondria through the MTP is cytochrome c, and its release into the cytosol triggers apoptosis (Green and Reed, 1998) .
The localization of cytochrome c in oxidatively stressed Arabidopsis cells was studied by western blotting. Mitochondrial and cytosolic proteins from cells treated with G/GO in the presence or absence of AEBSF for 3 h were separated on 12.5% (w/v) SDS-PAGE and were probed with antibody against cytochrome c (Sun et al., 1999) . In control cells, cytochrome c was detected only in the mitochondria, whereas in the induced cells, it was observed just in the cytosol, suggesting release of cytochrome c from mitochondria during oxidative stress (Fig. 6B) . The loss of cytochrome c from the mitochondria was blocked in the cells treated with G/GO in the presence of AEBSF. However, AEBSF did not completely block the release of cytochrome c into the cytosol, and a small amount of cytochrome c was found also in the cytosol. The relatively weak signal of the cytochrome c in the G/GO-treated cells could be the result of its proteolytic degradation in the cytosol (Bobba et al., 1999) .
CsA Protects Cells from Oxidative Damage
To test the role of MTP in the oxidative stressinduced PCD, we took advantage of the demonstrated inhibition of MTP by CsA (Fortes et al., 2001) . Cells were preincubated with 1 m CsA for 15 min Figure 6 . The effect of oxidative stress on mitochondrial permeability transition and release of cytochrome c. A, Cells were treated with the G/GO in the presence or absence of protease inhibitor (PI) AEBSF (1 mM) for 3 h. Mitochondrial permeability transition was measured as the difference in the change in the A 546 . Electron flow in isolated mitochondria was generated by the addition of complex I substrates. Permeability transition was initiated by the addition of 16.5 nM CaCl 2 , and decrease in absorbance was measured at 546 nm. In a parallel experiment, 1 M CsA was added to block mitochondrial swelling and this was used as a reference to calculate the change in absorbance. B, Cells were treated with G/GO in the presence or absence of protease inhibitor (PI) AEBSF (1 mM) for 3 h. Proteins were isolated from mitochondrial and cytosolic fractions, separated on 12.5% (w/v) SDS-PAGE, and analyzed by western blotting with antibodies against cytochrome c. Labeling was detected by chemiluminescence.
prior to the introduction of the cell death-inducing concentration of G/GO. Staining the cells with Evan's blue after 20 h showed that CsA effectively reduced the amount of cell death from 64% to 33% (Fig. 7A) . A similar conclusion was also reached by staining the cells with a viability dye, fluorescein diacetate, which resulted in a 7-fold increase in the fluorescence of the CsA-treated cultures (data not shown).
The addition of CsA also had a positive effect on the production of H 2 O 2 by the mitochondria isolated from the G/GO-treated cells (Fig. 7B) . CsA addition reduced the increase in the rate of H 2 O 2 generation resulting from the G/GO treatment by close to 50%. Analysis of the ATP contents indicated that the treatment of cells with CsA also improved the mitochondrial functioning and restored the mitochondrial ATP production to 89% as compared with the unstressed control cells (Fig. 7C) . These measurements were conducted 3 h after addition of G/GO, which is before the considerable loss of membrane integrity, indicating that inhibition of MTP provided protection against oxidative stress damage to the mitochondrial functioning.
DISCUSSION
Generation of ROS by mitochondrial respiratory chain is a physiological and continuous process that ensues in a single electron reduction of up to 2% of the consumed oxygen in unstressed cells (Braidot et al., 1999; Kowaltowski and Vercesi, 1999) . Under physiological conditions, toxic effects of ROS are removed by antioxidant systems, but during biotic or abiotic stresses, the concentration of ROS in the cells can rise significantly, reaching the threshold that can trigger PCD (Lamb and Dixon, 1997) .
Our results show that even mild oxidative stress can lead to enhanced H 2 O 2 generation by the mitochondria. H 2 O 2 produced by various internal or external sources can be amplified within the mitochondria (Fig. 4) , resulting in accumulation of oxidative stress damage to a level sufficient for activation of PCD (Fig. 1) . A brief pulse of high concentration of H 2 O 2 or a continuous generation of low amounts of H 2 O 2 damaged the mitochondrial respiratory chain, resulting in increased leakage of electrons to O 2 (Fig.  3) . These findings can explain how a mild but prolonged oxidative stress that occurs during various adverse environmental conditions that are associated with oxidative stress such as chilling (Prasad et al., 1994; Van Breusegem et al., 1999) , excessive light (Chamnongpol et al., 1996) , salinity (Hernandez et al., 1993) , and many other environmental stresses (Smirnoff, 1998) can produce necrotic lesions.
It has recently been suggested that plant mitochondria may act as an integrator of cellular conditions from different stimuli and, beyond a certain threshold, activate PCD (Lam et al., 1999; Jones, 2000) . Our results support the crucial role of mitochondria in the regulation of stress responses. There are a number of checkpoints at which mitochondria can trigger PCD: at the level of substrate import into the mitochondria (Hautecler et al., 1994) , at the level of substrate oxidation and electron transport (Moore et al., 1991) , by the control over oxidative phosphorylation (Kesseler et al., 1992) , as well as by regulation of MTP (Kroemer, 1997; Green and Reed, 1998) . The electron flow can also be diverted by the upregulation of alternative oxidase (Day and Wiskich, 1995) . Some of the above steps can be directly regulated by the cytosol, such as transport of malate into mitochondria. In addition, the mitochondrial responses can be regulated by calcium influx from the cytosol. Thus, various conditions that influence mitochondrial function as well as H 2 O 2 production by other compartments Figure 7 . Effect of CsA on cellular functioning. A, Cells were treated with G/GO in presence and absence of CsA (1 M), which was added 15 min prior to the oxidative treatment. Cell death was measured after18 h. Each point represents the mean value of three replica. B, Cells were treated with G/GO in presence or absence of CsA. Mitochondria were isolated after 3 h and were incubated with complex I substrates. The H 2 O 2 concentration was measured after 15 min. The results are the mean value of three replica Ϯ SE. C, Cells were treated with G/GO in presence and absence of CsA (1 M). ATP was extracted after 3 h in isolated mitochondria and was measured as described in Figure 2B . The results are the mean value of three replica Ϯ SE.
such as plasma membrane NADPH oxidase system can be integrated to trigger PCD. Mitochondria can function independently as the source of H 2 O 2 and can amplify the O 2 ⅐Ϫ and H 2 O 2 levels inside the cell. The production of H 2 O 2 directly depended on the mitochondrial respiration, as was demonstrated by the addition of complex I or complex III inhibitors, which diminished the accumulation of H 2 O 2 (Fig.  4E ). The similar rate of H 2 O 2 decomposition in mitochondria from control and oxidatively stressed cells exclude a decrease in antioxidant capacity as a possible mechanism of H 2 O 2 accumulation (Fig. 4D) .
In mammalian mitochondria, it was shown that oxidants cause damage to membrane protein thiols, leading to crosslinking and opening of the permeability transition pore (Castilho et al., 1995; Fortes et al., 2001) . MPT begins as a permeabilization of mitochondrial membrane to small sugars and osmotic support, and is later followed by permeabilization to lowmolecular mass proteins, and finally resulting in irreversible mitochondrial dysfunction (Zoratti and Szabo, 1995; Castilho et al., 1996) . In animal systems, permeability transition is necessary and sufficient for apoptosis to occur (Kroemer, 1997 ). The precise molecular site of oxidative damage to the plant mitochondrial components and the factors released by mitochondria have not been identified yet, although our results implicate the involvement of MPT and the electron transport systems in the plant PCD as well. The decreased oxygen consumption after the addition of ADP indicates that the oxidative stress caused uncoupling between respiration and generation of ATP (Fig. 3A) . Such depletion of ATP can be sufficient to induce apoptosis in plants when coupled with calcium influx (Jones, 2000) . H 2 O 2 was shown to cause calcium influx in tobacco and in soybean cells (Price et al., 1994; Levine et al., 1996) . Although those studies analyzed fluctuations in the cytosolic calcium, the regulation of calcium levels in the different subcellular compartments is closely linked (Trewavas and Malho, 1998) . It is interesting that in potato (Solanum tuberosum) tubers, ROS induced MPT in a calcium-independent manner, suggesting that variations in the mechanism of PCD activation in plants may vary between species (Fortes et al., 2001) . In some systems, it has also been found that oxidative burst was caused by the calcium entry (Piedras et al., 1998) . Taken together, those results imply a tight regulatory network that links ROS generation and calcium fluxes, both of which are involved in control of PCD. Moreover, calcium influx into mitochondria is also regulated by different stimuli via changes in membrane potential (Silva et al., 1992) .
The inhibition of G/GO-induced PCD by protease inhibitors, which were previously found to inhibit the H 2 O 2 -triggered death (Levine et al., 1996; Solomon et al., 1999) , suggests that both stimuli activate the same cell death pathway. It is interesting that protease inhibitors blocked PCD without strongly reducing the mitochondrial generation of ROS or blocking the depletion of ATP. However, inhibition of protease activity prevented the loss of majority of cytochrome c from the inner mitochondria as evidenced by western blotting of mitochondrial proteins (Fig. 6B) and by measurements of oxygen consumption following addition of exogenous cytochrome c (Fig. 5A) . The loss of cytochrome c from the inner mitochondrial membrane during apoptosis has been reported in many systems, and is considered as a crucial regulatory step in apoptosis (Kroemer, 1997) . At the early phases of apoptosis, the readdition of exogenous cytochrome c can markedly restore respiratory functions (Mootha et al., 2001) . The stimulation of oxygen consumption by added cytochrome c in the mitochondria of G/GO-treated cells indicates that these cells were still at the beginning, in line with the time course of PCD in these cells (Fig. 1A) . The stimulatory effect of the exogenous cytochrome c was also not observed in the presence of the protease inhibitor (AEBSF), indicating an intact outer mitochondrial membrane (Fig. 5A ). In the cytosol of G/GO-treated cells, the amount of cytochrome c detected by western analysis appeared as rather small, probably due to the proteolytic degradation of cytochrome c (Bobba et al., 1999) , whereas in the presence of AEBSF, even small amounts of cytochrome c that were released into the cytosol were protected from degradation by the inhibitor. These observations are in agreement with the earlier results that showed activation of AEBSF-sensitive proteases by oxidative stress (Solomon et al., 1999) .
In summary, our results show that a brief pulse of high concentration of H 2 O 2 or a continuous generation of low concentrations of H 2 O 2 caused amplification of H 2 O 2 production by the mitochondria through fast uncoupled electron transport, leading to depletion of ATP, opening of MTP, and translocation of cytochrome c to the cytosol, terminating in PCD. Protease inhibition suppressed PCD of Arabidopsis cells, likely by preventing the damage to the outer mitochondrial membrane.
MATERIALS AND METHODS
Materials
Unless otherwise stated, the following concentrations of chemicals were used: antimycin A (1 m), rotenone (4 m), cytochrome c (50 g), and catalase (5,000 units mL Ϫ1 ). The above materials were purchased from Sigma (St. Louis). GO was from Worthington Biochemicals (Freehold, NJ).
Cell Culture
Arabidopsis cell cultures isolated by May and Leaver (1993) were kept at 25°C under continuous light in Murashige and Skoog medium (pH 6.0) supplemented with 100 mg L Ϫ1 myoinositol, 0.4 mg L Ϫ1 thiamine, 0.5 mg L Ϫ1 naphthylacetic acid, 0.05 mg L Ϫ1 kinetin, and 3% (w/v) Suc.
Cells were treated with H 2 O 2 or with G/GO 3 d after subculture, which was performed weekly (1:10 dilution). Although the cultures appeared green after depletion of Suc several days after subculture, no functional activity of photosystem II was detected by measuring variable fluorescence with a pulse-amplitude-modulated fluorometer for at least 5 d after subculture.
Measurement of Electron Transport
Mitochondria were isolated according to the method of Day et al. (1985) , and electron transport was measured polarographically using a Clark type oxygen electrode (Rank Brothers, Cambridge, UK). Mitochondrial suspension was adjusted to 80 g of protein in the assay medium consisting of 0.3 m mannitol, 10 mm phosphate buffer (pH 7.5), 3 mm MgSO 4 , 10 mm NaCl, 5 mm KH 2 PO 4 , and 0.1% (w/v) bovine serum albumin. Complex I and complex III activities were initiated as described in Braidot et al. (1999) . Coupling was assayed by the addition of 0.1 mm ADP. Complex IV activity was blocked by KCN (50 m). Uncoupling between oxygen consumption and electron transport was verified by the addition of 5 m carbonyl cyanide p-trifluoromethoxyphenylhydrazone, which drastically increased the oxygen consumption (data not shown).
Measurement of H 2 O 2
H 2 O 2 generation in isolated mitochondria were observed after staining for 5 min with dihydrorhodamine123 and were visualized under a fluorescent microscope (IX70; Olympus, Tokyo) using the excitation/emission filters (XF23; Omega Optical, Brattleboro, VT). Photographs were taken with a digital camera (Coolpix 900; Nikon, Tokyo). H 2 O 2 production in isolated mitochondria or in cell culture medium was measured with a nonenzymatic assay according to Snell and Snell (1949) . For the measurement of H 2 O 2 production, 20 L of mitochondrial suspension or culture medium was added to a cuvette containing 880 L of double distilled water and 100 L of titanium sulfate, and was incubated for 15 min at room temperature. Oxidation of titanium sulfate was recorded by reading A 410 . Readings were converted to corresponding concentration using a standard calibration plot. Endogenous antioxidant activity in mitochondria was assayed by measuring the decay of 1 mm H 2 O 2 with time.
Measurement of ATP Pool
The amount of ATP was measured by the luciferinluciferase method (St. John, 1970) . ATP was dissolved in 5 mL of 25 mm HEPES buffer (pH 7.5), and luminescence from a 200-L sample was assayed in a luminometer (Lumac 3M Biocounter M2010A; Lumitran Scientific, Jerusalem) together with 40 L of luciferin-luciferase (Sigma) from 10 mg mL Ϫ1 stock for 30 s. The standard curve of ATP concentration was prepared from a known amount (1 pM-1 m).
Measurement of Cell Death
Cell death was quantified by Evan's blue as described in Levine et al. (1994) . For 100% cell death, the culture was heated at 100°C for 5 min. The percentage of cell death in selected treatments was also verified by counting several hundred cells under a microscope. Treatment of cells with 10 mm G plus 10 units mL Ϫ1 of GO routinely produced around 60% dead cells.
Western-Blot Analysis
Proteins from mitochondrial as well as cytosolic fraction (50 g) were separated on 12.5% (w/v) SDS-PAGE. The proteins were transferred on to nitrocellulose, blocked in Tris-buffered saline, 0.3% (w/v) Tween 20, and 3% (w/v) dried skimmed milk, and they were labeled with antibody against cytochrome c (1/1,000; Zymed Laboratories, South San Francisco) at 4°C overnight. After washing (three times for 15 min) in block buffer, the membrane was incubated in rabbit anti-mouse horseradish peroxidase conjugate (1/ 5,000) in Tris-buffered saline/Tween 20 for 3 h at room temperature and washed again. Labeling was detected by chemiluminescence.
Measurement of MPT
MPT was assayed by measuring mitochondrial swelling as described by Pastorino et al. (1999) . In brief, mitochondria were suspended in medium containing 400 mm mannitol, 10 mm phosphate buffer (pH 7.5), and 1 mm EDTA. One millimole Glu and 1 mm malate were added as respiratory substrates for complex I, and the MPT was initiated by the addition of 16.5 nm CaCl 2 . The mitochondrial swelling was measured by decreased A 546 . Swelling was inhibited by the addition of 1 m of CsA for reference to calculate the change in absorbance.
